The pre-ejection period (PEP) of systole is a widely used, non-invasive index of ventricular performance. For precise measurements, simultaneous recordings are required from which the Q-wave on the electrocardiogram, second heart sound on the phonocardiogram, and upstroke and incisura of the carotid pulse contour are discretely identifiable and temporally accurate. This is frequently difficult to accomplish. We, therefore, have compared 2 other noninvasive indices of ventricular performance for correlation with PEP in 17 female and 18 male subjects while supine and during head-up tilt. We also examined similarity of these indices to PEP in correlations with heart rate and blood pressure and compared them for ease in monitoring and precision in measurement. The ratio of the peak amplitude of the carotid pulse contour derivative to its total amplitude (DAR) is easier to monitor and more reliably measured than PEP; however, it is poorly correlated with PEP. Time from electrocardiographic Q-wave to peak dD/dt (Q-MAX) is also easier to monitor and somewhat more reliably measured than PEP. Although correlations of PEP and Q-MAX with subject age are dissimilar, Q-MAX is correlated with PEP in supine and tilted subjects; the 2 variables are similarly correlated with heart rate and arterial pressure; and in 6 subjects both variables were prolonged after intravenous administration of propranolol-hydrochloride.
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SUMMARY
The pre-ejection period (PEP) of systole is a widely used, non-invasive index of ventricular performance. For precise measurements, simultaneous recordings are required from which the Q-wave on the electrocardiogram, second heart sound on the phonocardiogram, and upstroke and incisura of the carotid pulse contour are discretely identifiable and temporally accurate. This is frequently difficult to accomplish. We, therefore, have compared 2 other noninvasive indices of ventricular performance for correlation with PEP in 17 female and 18 male subjects while supine and during head-up tilt. We also examined similarity of these indices to PEP in correlations with heart rate and blood pressure and compared them for ease in monitoring and precision in measurement. The ratio of the peak amplitude of the carotid pulse contour derivative to its total amplitude (DAR) is easier to monitor and more reliably measured than PEP; however, it is poorly correlated with PEP. Time from electrocardiographic Q-wave to peak dD/dt (Q-MAX) is also easier to monitor and somewhat more reliably measured than PEP. Although correlations of PEP and Q-MAX with subject age are dissimilar, Q-MAX is correlated with PEP in supine and tilted subjects; the 2 variables are similarly correlated with heart rate and arterial pressure; and in 6 subjects both variables were prolonged after intravenous administration of propranolol-hydrochloride.
We, therefore, propose Q-MAX as an alternative measure of ventricular performance. tinues to be difficult and elusive for the noninvasive investigator to monitor. An extremely useful tool has been systolic time interval analysis, which is based upon the concept that with improved function the heart increases pressure more rapidly, and thus the pre-ejection period (PEP), which includes electromechanical delay plus isovolumic contraction period, is shortened. The use of PEP to evaluate ventricular function has gained popularity over the past 10 years. In addition to its clinical uses, PEP is a parameter often monitored by physiologists and psychologists evaluating cardiac response to various stresses.1)-5)
The PEP is only slightly dependent on heart rate,6) is shortened with increased ventricular filling, and is prolonged when an increase in arterial diastolic pressure requires the ventricle to develop greater pressure to open the aortic valve.7) The primary usefulness of PEP resides in the information it provides about inotropic influences on the left ventricle.7)-9) Noninvasively recorded PEP is highly correlated (r=0.99) with the invasively recorded PEP.10) Changes in the duration of the PEP reflect changes in isovolumic contraction time, while electromechanical delay remains relatively constant.10)
Pre-ejection period analysis requires precise simultaneous recordings of an electrocardiogram with Q-wave, phonocardiogram with the first high-frequency component of the second sound, and carotid displacement pulse with upstroke and dicrotic notch precisely identifiable. These criteria are frequently difficult to satisfy. The phonocardiogram may have noise if there is stress or shivering involved. The carotid pulse wave is susceptible to numerous interfering factors. The dicrotic notch may be difficult to discern, or the initial portion of the upstroke may be obscured by a venous pulse wave, which occurs in pathological conditions or even in normal healthy individuals when supine.
A solution to some of these problems may reside in the use of the time derivative of the carotid displacement pulse. Both the start of the rapid rise and the maximum fall to the notch of the carotid pulse wave become accentuated in the derivative (dD/dt), which can be recorded without additional transducers on the subject. In fact, only the carotid pulse microphone is required; a differentiator circuit will provide a well-defined trace, despite an imperfect pulse wave.
Obrist et al11) have suggested the amplitude of the derivative as an index of contractility and reported that the changes in amplitude after administration of isoproterenol, a beta sympathomimetic drug, and propranolol, a beta blocker, are in the expected directions and correlate with changes in a "vibrocardiogram." However, Khan and Spodick12) have observed that the absolute size of the derivative depends on the absolute pulse wave amplitude. Therefore, for comparison among different individuals, the latter authors proposed using the ratio of the amplitude of the positive-going peak to the amplitude of the total deflection, which we identify as the "derivative amplitude ratio" (DAR), as shown in Fig. 1 . This ratio, which they found to be highly correlated with PEP (r=0.735) in supine normal subjects, was depressed in patients with heart disease or pulsus alternans and after administration of propranolol in normal subjects, but increased after isoproterenol. Khan and Spodick12) consider that, although this ratio is not as sensitive as the PEP, it may be valuable when a phonocardiogram or good carotid pulse trace cannot be obtained.
The carotid derivative may provide clues to ventricular performance in yet another way when it is combined with a one-lead electrocardiogram showing Q-wave. The duration from Q of the ECG to peak of the carotid dD/dt (Q-MAX) may then be monitored. In addition to PEP, this interval includes the pulse transmission time from the heart to the site of the microphone monitoring the carotid pulse and that portion of the ejection time preceding the maximum peak of the carotid dD/dt ( Fig. 1 ). This variable is relatively simple to monitor, since both Q-wave and dD/dt maximum are usually discrete points which are easily recorded. Thus, the purpose of this investigation was to compare information provided by the more easily recorded DAR and Q-MAX with that gained from analysis of the PEP.
METHODS
Seventeen female and 18 male subjects, aged 18 to 69 years (mean 33.2 years), participated in this study. Since this was a study of normal values, persons with cardiovascular disease or taking prescription medication were excluded.
After application of transducers, including cuff on the right arm for blood pressure determination by Narco automatic sphygmomanometer, one-lead electrocardiogram to provide a Q-wave, microphone on the sternum to record a phonocardiogram and a microphone at the point of maximum pulsation of the carotid pulse, the subject rested in a supine position for a minimum of 15 min. A special preamplifier with an electronic differentiation circuit was used to obtain the time derivative from the carotid displacement pulse wave. The trace was adjusted on the paper to establish the baseline. All variables were recorded on an Electronics for Medicine VR-12 photographic recorder at a paper speed of 100mm/sec, except blood pressure which was recorded on a VR-6 recorder at 5mm/sec. After a stable resting heart rate had been attained in the supine position, data were recorded for 30sec.
The sample recording of Fig. 1 indicates how the variables are defined. Variables measured on a beat-to-beat basis using a digitizer-computer system similar to that described by Frey and Kenney13) include: interval, heart rate, pre-ejection period (PEP), derivative amplitude ratio (DAR), time from Q-wave to maximum peak of the dD/dt of the carotid pulse wave (Q-MAX), pulse transmission time from heart to carotid, and left ventricular ejection time.
Following the recording of control data with the subject in the supine position, the subject was tilted to a 70-degree head-up position for 3 min before additional data were recorded. Data recorded during tilt were analyzed in the same manner as resting supine data.
Additional information concerning influence of the sympathetic nervous system on the PEP, DAR, and Q-MAX was gained from 6 subjects, 1 female and 5 males, from 22 to 32 years of age who were determined to be free of cardiovascular disease by history, physical examination, and treadmill exercise test. After microphones and electrodes were applied, subjects rested at least 15 min in the supine position, and a 30-sec control recording was made. Propranolol hydrochloride, a beta-receptor blocking drug, was administered intravenously in a dose of 0.2mg/ Kg, which is reported to effectively block influence of the sympathetic nervous system on the heartl4) and data were recorded for another 30-sec period. Variables were measured as described above.
All experiments were performed in the Human Physiology Laboratory at Cox Heart Institute under the supervision of the same laboratory technician. Procedures were approved by the Wright State University Human Subjects in Research Committee and informed consent obtained.
RESULTS
Mean values for the 3 cardiovascular performance variables, monitored with subjects supine and tilted, are reported in Table I for females, males, and the sexes combined. No significant sex differences were observed for any of the variables in either position as determined by a t-test and the 0.05 level of significance.
Pearson product-moment correlations (Table II) revealed that DAR is negatively correlated (p<0.05) with age in females and males supine and in females tilted, while Q-MAX is negatively correlated with age in supine females only. Q-MAX is the only ventricular performance variable significantly correlated with stature. In both positions the positive correlation is significant in males and approaches significance in females. There were no significant correlations between weight and PEP, Q-MAX or DAR in either position at the 0.05 level of significance.
A strong correlation (r=0.64) exists between PEP and Q-MAX in males (Table III) . The relationship is similar in females but does not reach significance. This is not the case, however, for PEP and DAR where there is only a tendency for the expected negative correlation in males (r=-0.4, p= 0.07), and no apparent correlation in females. There were no significant mean sex differences for systolic or diastolic blood pressure during supine rest; however, interval and heart rate differed between female and male groups, females having a significantly faster heart rate (66 vs. 58 beats/min in males). Correlations between the ventricularperformance variables and other physiological measurements during supine ing tilt are presented in Table V . While the correlations for PEP and Q-MAX are even greater (r=0.8 and 0.6) during tilt than while supine and are highly significant in both females and males, there are no significant correlations between DAR and PEP. The similarity of the relationship of PEP with heart rate and blood pressure and that of Q-MAX with these variables, which was observed in subjects when supine, is evident in tilted subjects also, as shown in Table VI . The correlations, however, are statistically significant in only a few cases. In males, PEP is significantly correlated with interval and heart rate as was observed when these subjects were supine, and Q-MAX is correlated with diastolic pressure. In tilted females DAR is significantly related with interval (and heart rate), but this relationship is absent in males.
Both PEP and Q-MAX are significantly prolonged after the administration of propranolol, as shown in Table VII remain relatively constant. The DAR, on the other hand, is not significantly changed after administration of propranolol. In our small sample (n=6) the correlation between Q-MAX and PEP was 0.95 before and 0.86 after drug administration, respectively. The DAR, on the other hand, was not significantly correlated with PEP before or after propranolol administration (r=-0.4 and +0.1, respectively).
DISCUSSION
In this investigation, we have compared 2 "new" variables for noninvasively monitoring left ventricular function with the more established preejection period. 
CONCLUSIONS
As a noninvasive indicator of ventricular function, DAR offers certain advantages over PEP: it is easier to record and measure and, therefore, is more reproducible. The 2 variables are weakly negatively correlated in supine male subjects; however, DAR does not respond to head-up tilt or certain pathological conditions as would be predicted from information about PEP.
On the other hand, Q-MAX-also easier to record and more reproducible than PEP-is highly correlated with PEP in subjects who are supine or tilted head-up. However, because Q-MAX includes other components, especially pulse transmission time, along with PEP, it may not respond identically in all conditions. For example, when pulse transmission time is markedly changed in a direction opposing the change in PEP, such as with increasing age, the effects can be cancelled in Q-MAX. Therefore, where PEP can be easily and accurately measured, it is still the variable of choice; however, if preamplifiers are limited, a high-fidelity phonocardiogram cannot be clearly recorded, the upstroke or incisura on the carotid pulse wave is not absolutely clear, this "new" measure of ventricular performance can provide a reasonable alternative.
These findings are presented in the hope other investigators will examine the correlation between the noninvasively determined Q-MAX and invasive indices of ventricular function. The relationships between PEP and Q-MAX in patients with various types of cardiac dysfunction also remain to be examined. Supine and seated values for Q-MAX in a large population of female and male subjects are currently being investigated. It is hoped that Q-MAX will provide the cardiovascular investigator with a useful noninvasive tool for evaluating sympathetic nervous system outflow and "contractility" of the left ventricle.
